Deficiencies of secondary and micronutrients (SMNs) are major causes of low maize yields in poorly responsive soils. This phenomenon minimizes the agronomic efficiency of N, P and K fertilizers and consequently result in a dwindling economic benefit associated with their use. Therefore, 18 on-farm trials were conducted in western Kenya during two cropping seasons to assess maize response to three NPK amendments; (i) N, P, K, Ca, Zn and Cu (inorganic and organic); (ii) N, P, K, Ca, Zn and Cu (inorganic) and (iii) N, P K, Zn and Cu (inorganic) and evaluate the profitability of their use compared to additions of only N, P and K fertilizers. In this set of experiments, maize response to any amendment refers to a yield increase of ≥2 t ha −1 above control and could be categorized in three clusters. Cluster 1, comprising of nine sites, maize responded to all amendments. Cluster 2, holding six sites, maize responded only to one amendment, N, P, K, Ca, Zn and Cu (inorganic). In this cluster, (2), emerging S, Mg and Cu deficiencies may still limit maize production. Cluster 3; consisting of three sites, maize responded poorly to all amendments due to relatively high soil fertility (≥17 mg P kg −1 ). Profitability of using NPK amendments is limited to Cluster 1 and 2 and the largest Value Cost Ratio (VCR) of 3.1 is attainable only when soil available P is below 4.72 mg kg −1 . These variable responses indicate the need for developing site-specific fertilizer recommendations for improved maize production and profitability of fertilizer use in poorly responsive soils.
Introduction
Mineral fertilizers contribute to 40-60% of the world's food production. However, their unbalanced use is obvious at the global scale [1] . Optimal and sometimes excessive mineral fertilizer use has resulted in food sufficiency in some parts of the developed world including North America, Western Europe, and China [2, 3] . In contrast, quantities of fertilizer applied by farmers in Sub-Saharan Africa (SSA) are still below the 50 kg ha −1 target set by the African Heads of State at the 2006-Africa fertilizer summit [4] . Consequently, food insecurity remains the main developmental challenge in SSA [5] [6] [7] . Inadequate and unequal allocation of fertilizer within farm fields has been cited as one of the attributes to this unsustainable food production in the region [8] . High fertilizer costs, inaccessibility and/or limited availability and relatively low cereal grain prices are some of the major impediments to increased fertilizer use in the region [9] . Furthermore, food production in the SSA is dominated by the 70-80% resource-poor smallholder farmers [10] . Because of the above-mentioned challenges, crop production in the region is done mainly with limited inputs resulting in inevitable nutrient mining [11, 12] . Nevertheless, some governments in West, East and South Africa have facilitated an increase in fertilizer use through subsidy programs [13, 14] . However, fertilizer use in such cases is often based on blanket recommendations ("standard") that ignore the importance of site and crop-specific requirements for its efficient use [15] [16] [17] . Moreover, research in SSA has overemphasized the most limiting nutrients N, P and sometimes K with little attention for the other essential nutrients. Consequently, the commonly available and most frequently applied fertilizers in the region are obviously N, P and K based. Therefore, there is need to stimulate awareness among farmers to supply all essential nutrients for sustainable crop production.
This unbalanced soil fertilization results in poor responses to fertilizers in some soils and consequently small crop yields [18] [19] [20] . These so-called 'poor/ non-responsive' soils are defined as those with small to no yield increases after fertilizer use and hence negligible economic returns [21] . The value cost ratio (VCR) of 2 is the acceptable profitability level of fertilizer use by farmers in SSA [22] . In poorly responsive soils that profitability criterion is hardly achieved and, therefore, this phenomena threatens fertilizer use in the region. Consensus grows that in SSA, on top of the well-known deficiencies in N, P and K, the occurrence of secondary macro-and micronutrients deficiencies constitute a major constraint for crop production in poorly responsive soils [16, 19, 23] . Jones et al. [24] also highlight that depletion of soil micronutrients is increasing in most developing countries especially through the high crop yield targets.
Hence our main research question at the outset is whether the addition of secondary (Ca) and micronutrients (Zn, Cu) (SMNs) increases the yields of maize and eliminates a possible lack of response to the standard N, P and K fertilizer application. Underlying issues relate to whether the responses can be understood based on leaf and/or soil analyses and whether the intervention of adding SMN's lifts the N, P and K addition to (large) profitability.
Materials and Methods

Characteristics of the Study Area
The study was conducted in two regions of western Kenya: Bungoma-Southwest (latitudes and longitudes ranges from 0.49 • to 0.55 • North and 34.43 • to 34.51 • East, respectively) and Busia-North (latitudes and longitudes ranges from 0.65 • to 0.70 • North and 34.32 • to 34.39 • East, respectively), during two cropping seasons, i.e., the long (LR) and short (SR) rains of 2015 ( Figure 1 ). The study areas are situated on "lower-middle-level uplands" which are gently undulating to undulated; slopes are 2-8% and altitudes range between 1200 to 1900 masl [25] . The common soil types in those regions are Acrisols, Ferralsols and Cambisols characterized by low soil fertility [26] . Temperature variations in the region are insignificant, monthly means range between 21 • C and 22 • C. The area has an average annual rainfall of 1400 mm with a probability of 66% [25] . The annual rainfall has a bimodal distribution pattern comprised of an initial long to medium season between March and July (LR) followed by a moderately weak season between September and December (SR). Maize growing period ranges between 100 and 150 days and hence, the two rainfall seasons are adequate for its production. In fact, the western region is considered as a medium production area for maize with potential yields of 5.0 t ha −1 [25] . However, yield gaps between farmer-led and research-led production remain wide in the region. While the actual production at farm level is as low as 1.1 t ha −1 , some scientists have recorded yields as high as 4 t ha −1 [20] . Figure 1 . Distributions of the study sites according to their respective response clusters to the NPK amendments in Bungoma-Southwest and Busia-North regions of western Kenya. C1 = Cluster 1 indicating a site that responded well to all the three amendments (NPK2, NPK3 and NPK4) C2 = Cluster 2 indicating a site that responded well to only NPK3 amendment. C3 = Cluster 3 indicating a site that poorly responded to all the three amendments. NPK2 = N, P, K, Ca, Cu and Zn (inorganic and organic), NPK3 = N, P, K, Ca, Cu and Zn (inorganic), NPK4 = N, P, K, Cu and Zn (inorganic).
Description of Experimental Sites
The trials comprised 18 sites, (nine sites in each region) as shown in Table 1 . Selection of those sites was based on a previous multi-locational diagnostic study that sought to identify the extent of poorly responsive soils and their characteristics from the study area [27] . For that study, a poorly responsive soil was defined by economic values below the value cost ratio (VCR) of 2 after N, P and K fertilizer use for maize production. Further, using the compositional nutrient diagnosis (CND) tool for the same study, Ca, Zn and Cu were found to also limit maize production in such soils.
Soil types for the selected sites in Bungoma-Southwest mainly consisted of Acrisols and Cambisols (Table1) with subtypes ranging from deep, moderately deep to shallow overlying petroplinthite [26, 28] . Arenosols were widespread in Busia-North (Table1) with two main subtypes; gleyic and luvic. Other soil types found in the two study areas include Alisols, Luvisols, Lixisols and Planosols. Around 80% of the total sites had a gentle slope (<5%) while the rest were slightly undulating. In addition, it was observed that three of the sites had soil depth ≤50 cm, two of which had a plinthic subsurface (Table 1) . Majority of the soils are coarse-textured, with an average sand content above 50%. In general, the three primary nutrients N, P and K are low in most of the soils except in some cases where P is relatively large. 
Crop Variety and Treatment Structure
Two medium maturing, Hybrid maize seed varieties, H516 and H513 from Kenya Seed Company were planted during the subsequent seasons; LR and SR, respectively. Each of the nine sites from the two regions had five fertilizer treatments laid out in a Randomized Complete Block Design (RCBD) and replicated three times. Besides the application of N, P and K nutrients at 100, 30 and 60 kg ha −1 , respectively [27] , we added three other nutrients (Ca, Zn and Cu) due to prevalent deficiencies observed in the poorly responsive soils within the study area. Therefore, the treatment structure consisted of an absolute control (without fertilizer), the standard N, P, and K fertilizer (NPK1) and three NPK amendments (i) N, P, K, Ca, Zn and Cu (inorganic and organic); NPK2 (ii) N, P, K, Ca, Zn and Cu (inorganic); NPK3 and (iii) N, P, K, Zn and Cu (inorganic), NPK4 ( Table 2 ). We consider the latter three treatments as 'pilot nutrient packages' for rehabilitating the poorly responsive soils in western Kenya. The N, P and K nutrients sources for treatment NPK1 and NPK4 were from Urea, Triple Superphosphate (TSP) and Muriate of Potash (MOP). Mavuno, a blended fertilizer (10% N, 26% P 2 O 5 , 10% K 2 O, 4% S, 8% CaO, 4% MgO and traces of B, Zn, Mo, Cu, Mn) supplied N. P, K and Ca for NPK3. Application of Zn and Cu at 3 kg ha −1 , respectively through amendments, NPK3 and NPK4 followed recent recommendations by National Accelerated Agricultural Input Access Programme (NAAIAP) and Kenya Agricultural Research Institute (KARI) [29] . The NPK2 treatment mainly consisted of farmyard manure (FYM) (0.27% N, 0.4% P, 2.1% K, 0.28% Ca, 0.2% Mg, 51.66 mg kg −1 Zn, 30.66 mg kg −1 Cu and 0.03 mg kg −1 Mn) with only N and P supplements ( Table 2) . In other words, six tons of FYM were applied together with 84 kg N ha −1 and 6 kg P ha −1 from urea and TSP, respectively to match the total amounts of N and P added given their small contents in the FYM. The large K-content of 2.1% analyzed in FYM was considered sufficient to supply 60 kg ha −1 and hence did not need to be supplemented like was the case for N and P. A correction to supplement the negligible Zn (51.66 mg kg −1 ) and Cu (30.66 mg kg −1 ) concentrations in FYM were intentionally ignored. This aimed at evaluating the potential of FYM to supply adequate amounts of micronutrients for maize. 
Trial Establishment and Maintenance
The 15 plots in each site measured 4.5 m × 5 m individually with six planting rows spaced at 75 cm apart and intra-row spacing of 25 cm. During the planting period for both seasons, the various fertilizer treatments were assigned to their respective plots. For each treatment, the entire fertilizer components except N were in bands next to planting rows and thoroughly mixed with soil. The latter eliminates a possible risk of poor seed germination due to high salinity or excess acidity near the fertilizer granules when dissolving. The 100 kg N ha −1 derived from urea was applied in two splits. Half of it was banded together with the other fertilizers at planting. The other half was applied in small furrow (5 cm deep) next to the planting rows and was thoroughly mixed with soil six weeks after seedling emergence. Two maize seeds were planted per hill and two weeks after emergence, seedlings were thinned to one. Three weeding using a hand hoe ensured weed-free plots throughout the crop growing seasons. The first weeding was done three weeks after maize seeds were planted while the second and third weedings were done after every four consecutive weeks.
Soil and Leaf Tissue Analysis and Grain Yield
A composite soil sample for each site was analyzed for selected physiochemical parameters. Soil pH, Available P, organic carbon and textural analysis [30] was conducted at the Soil Science laboratory, University of Eldoret, Kenya while total N [31] and cation exchange capacity [32] were analyzed at the Soil and Water laboratory in KU Leuven, Belgium. Maize ear leaf tissues were sampled at silking stage [33] for nutrient content analysis (N, P, K, S, Ca, Mg, B, Cu, Zn and Mn) at KU Leuven, Belgium. All the leaf nutrient analysis except N followed an acid dissolution procedure [34] and measurements were taken by ICP-MS (Agilent7700X). N analysis was conducted by dry combustion [35] using a Flash Elemental Analyzer 1112HT (Thermo Fisher Scientific Bremen, Germany).
At the onset of physiological maturity, grain harvesting was confined within a net plot of 3 × 3 m 2 , comprising of four inner rows while leaving 1 m from the row edge. The total fresh weight of maize ears was recorded after which eight ears were randomly sampled for grain dry weight analysis.
Field Observations
Farmers were trained and facilitated on how to collect daily rainfall data from their respective sites. From this data, on-farm mean monthly rainfall distribution within the two cropping seasons was recorded and is presented in Figure 2 . The rainfall data are cross-checked with long-term data from the closest meteorological stations within each region to determine deviations from the norm. The long-term rainfall data set for Bungoma-Southwest were sourced from Mungatsi and Sangalo. A 20-year (1990-2010) rainfall data set was acquired from Kwamangor, Amagoro Division Commissioner's (D.C) offices, Angurai and Kolanya meteorological stations for Busia-North. Although we acknowledge the spatial variations in rainfall amount and distribution over time, an overall trend of higher rainfall during the long rains in comparison to the short rains can be inferred from both data sets. A noticeable difference in the rainfall pattern in the farmers' data, however, cannot be ignored. During the long rains, a decrease in rainfall is observed in Busia-North in the months of April and May while it increased during mid-season (November) and at the end of the short rains (December) compared to long-term averages. Rainfall in Bungoma-Southwest increased in June, November and December above the long-term averages.
Economic Analysis
This section seeks to find the most profitable fertilizer treatment to rehabilitate the poorly responsive soils. According to Townsend [36] , the profitability of fertilizer use is one of the key factors that determine their adoption and hence the quantity of fertilizer used in SSA. In this context, the value cost ratio (VCR) of fertilizer is used to determine the economic benefit of each treatment for maize grain production. The VCR denotes the value of extra yield produced per unit of money invested in fertilizer as shown in Equation ( 
where VCR is the value cost ratio of fertilizer use and $ is US dollar. A VCR value >1 means a net profit whereas < 1 denote a net loss as long as other production inputs such as labor, the cost of seeds are not altered as a result of fertilizer application. Obviously, the larger the VCR value the more worthwhile it is to invest in that particular fertilizer. A VCR value of 2 is considered as the critical threshold to adopt fertilizer use [22] . It implies that for every US dollar ($1) spent on fertilizer, a return of additional crop yield worth US$2 is obtained.
To compute VCR values for the two seasons, both the fertilizer cost and grain prices at the local market were taken into account as shown in Table 3 . In addition, an average of 100 Kenya Shilling (KES) to 1 USD $ exchange was factored in for the two seasons to account for inflation effects. Maize grain sold at USD $0.4 during the LR increased by 10% in the SR. Further, profitability of fertilizer use for maize was stratified using the decision tree partitioning model [37, 38] . The aim of this analysis was to classify the economic benefits of fertilizer use in relation to soil conditions. A proper identification of those soil characteristics that predict profitability of fertilizer use is important to farmers in making sound decisions of fertilizer use. In the model, average VCR value of each treatment in a particular site was considered as the response variable while clusters, fertilizer treatments and selected soil parameters were the predictors explaining the profitability of fertilizer use. The model splits the data into two nodes recursively until a maximum number of nodes is obtained as defined by the maximum R square value. Each split maximizes the differences in responses between the 2 homogeneous nodes.
Statistical Analysis
All statistical analyses were conducted using JMP Pro statistical software version 12, SAS Institute Inc. SAS [39] . A mixed linear model was adapted to evaluate overall effects of various factors on maize grain yields. In the model, fertilizer treatments, seasons, study area and their interactions were considered as fixed factors while treatment replicates and sites nested within study area taken as random factors. Those factors were compared using the least square means and standard errors of difference (SED). Significant differences between, among the factors and their interactions were evaluated at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001.
We further conducted multivariate K-means cluster analysis to reveal meaningful patterns of maize agronomic response to the different fertilizer treatments [23] . The analysis aimed at grouping the experimental sites into sets (cluster) of defined responses to particular fertilizer treatment(s). Maize yield differences of each fertilizer treatment from the control were used for the analysis. Three out of five clusters deemed appropriate for the analysis since they explained the largest variations of the yield differences. We distinguish an agronomic response from a poor response if the yield difference from any of the amendments is 2 t ha −1 above control. This discriminating response value 2 t ha −1 is based on the fact that most of the smallholder farmers in western Kenya obtain an average yield of 1t ha −1 without fertilizer application (control) [20] . Therefore, obtaining 2 t ha −1 of maize yields above control corresponds to the green revolution yield target of 3 t ha −1 after fertilizer use for tropical Africa as suggested by Sanchez [40] .
To identify the ear leaf nutrient(s) influencing allocation of a given site to a specific cluster, we regressed the response clusters against corresponding nutrient contents using a multinomial logit model. The cluster whose sites responded well to all the three NPK amendments (maize yield of 2 t ha −1 above control) was taken as the reference (base) cluster for the analysis.
In addition, significant soil parameters among the response clusters were identified using one-way analysis of variance where the cluster is the only fixed factor while replication for each fertilizer treatment is taken as the random factor. Further, a correlation analysis between the significant soil parameters among the response clusters and the influential ear leaf nutrients for site allocation to a given cluster shows the magnitude and direction of the soil-maize nutrient relationship.
Results
Effect of Fertilizer Treatments on Maize Yield
Effect of fertilizer treatments on maize yield is shown in Table 4 . As expected, the control treatment (without fertilizer) had the smallest grain yield on average of 1.65 t ha −1 which was significantly different from the 2.79 t ha −1 obtained from the standard N, P and K treatment (NPK1). Application of NPK amendments (NPK2, NPK3 and NPK4) more than doubled the control yields, with average yields ranging between 3.38 and 3.56 t ha −1 . Nevertheless, yields from those amendments were not significantly different (p ≤ 0.05).
Beyond the averages, a clear cropping season effect on maize grain yield was also obvious for both regions (Table 4 ). The long rains (LR) resulted in significantly (p ≤ 0.05) larger yields compared to the short rains (SR), irrespective the treatments. Interestingly, both regions had similar average grain yields of 3.6 t ha −1 during the LR. However, during the SR, Busia-North had the smaller yields, on average 0.9 t ha −1 below the 2.8 t ha −1 obtained in Bungoma-Southwest.
Further, Figure 3 shows the variability of maize yields obtained from each treatment for the two regions. A large variability is observed between the minim and maximum yield values for the control, NPK2 and NPK3 treatments compared to their counterparts in NPK1 and NKP4. Moreover, this variability is conspicuous in Bungoma-Southwest compared to Busia-North for the control plots. For the NPK2 and NPK3, the variability is larger in Busia-North compared to Bungoma-Southwest. In addition, Bungoma-Southwest had significantly (p ≤ 0.05) larger mean yields than Busia-North in all treatments except for NPK4. Maize control yields obtained in Bungoma-Southwest were 0.2 t ha −1 larger than the 1.55 t ha −1 obtained in Busia-North. Likewise, the standard N, P and K fertilizer (NPK1) application resulted in a yield of 3.1 t ha −1 in Bungoma-Southwest, 0.6 t ha −1 larger than the 2.5 t ha −1 obtained in Busia-North. In contrast, application of the inorganic/organic-based amendment (NPK2) in Bungoma-Southwest resulted in a yield only 5% above the 3.36 t ha −1 obtained in Busia-North with the same treatment. The amendment, NPK3 (standard N, P and K plus Ca, Cu and Zn) resulted in the largest yield difference between the two regions. Actually, the amendment yielded 4 t ha −1 of maize grain in Bungoma-Southwest compared to the 3 t ha −1 obtained in Busia-North. Applying the standard N, P and K fertilizer plus micronutrients Zn and Cu (NPK4) had insignificant (p ≤ 0.05) yields between the regions. Control = without fertilizer application, NPK1 = N, P and K (Inorganic), NPK2 = N, P, K, Ca, Cu (Inorganic and Organic), NPK3 = N, P, K, Ca, Cu and Zn (Inorganic), NPK4 = N, P, K, Cu and Zn (Inorganic), LR = long rains, SR = short rains, SED = standard error of difference, * significant at p ≤ 0.05, ** significant at p ≤ 0.01, ns = not significant.
Maize Agronomic Response Clusters
Three clusters reveal a detailed variability in maize response to fertilizer treatments across all the experimental sites as shown in Figure 4 . Cluster 1 represents sites in which maize responds well to all NPK amendments (NPK2, NPK3 and NPK4) compared to standard N, P and K fertilizer (NPK1). This cluster contains 50% of all sites. In this cluster, application of any of the NPK amendments increases maize yields by 40% above the 1.6 t ha −1 increase obtained after use of the standard N, P and K fertilizer (NPK1). Therefore, for the same cluster, additional nutrients (SMNs) beside N, P and K may be either sourced from organic (FYM) or inorganic without a significant (p ≤ 0.05) yield reduction. Cluster 2 holds sites with major limitations of micronutrients. Thirty-three percent of all sites are in this cluster and show a significant (p ≤ 0.05) maize response to NPK3 compared to the other amendments and NPK1. Maize yields in those sites increase significantly (p ≤ 0.05) only when Ca is added together with relatively large doses of Cu and Zn (3 kg ha −1 ) above the standard N, P and K fertilizer. Maize responds poorly to fertilizer treatments in sites belonging to Cluster 3. The 17% of all sites belonging to this cluster are relatively fertile based on the large yields observed from control plots of 3 t ha −1 on average. For the same cluster, application of standard N, P and K fertilizer results in a yield decline of 0.7 t ha −1 below control while the use of the amendments barely improved maize yields by 0.3 t ha −1 above control. 
Relationship between Nutrient Content in Maize Ear Leaf and Type of Maize Response to NPK Amendments
Using Cluster 1 as the reference category in multinomial logit shows that reducing P, K and Zn content and increasing S, Mg and Cu would transfer a site from, Cluster 2 into Cluster 1 (Table 5) . Ear leaves from sites in Cluster 2 were slightly larger in leaf P content and smaller in S and Mg content compared to their counterparts in Cluster 1.
Decreasing N and Ca and increasing S, Mg, B and Cu contents would ultimately transfer an individual site from the poorly responsive, Cluster 3 to Cluster 1 (Table 5 ). Similar to the plants in Cluster 2, contents of S, Mg, B and Cu were relatively smaller in maize ear leaves of Cluster 3 than in those of Cluster 1. Numbers are mean nutrient contents with the corresponding minimum and maximum values in brackets to indicate the range. Based on multinomial logit analysis, letter 'a' indicates that the corresponding nutrient content should be decreased, while letter 'b' show those that should be increased in order to move a site from clusters 2 and 3 to Cluster 1. Cluster 1 = response to all the three NPK amendments, Cluster 2 = response to one of three NPK amendments and Cluster 3 = poor response to all the three NPK amendments. Table 6 shows the variation in soil characteristics among various maize response clusters. None of the soil parameters except P were significantly different (p ≤ 0.05) among clusters. Available P was smallest with 6.45 mg P kg −1 on average for soils in Cluster 1 while it was largest in Cluster 3 with an average content of 17.2 mg.kg −1 and ranging between 5 and 27 mg kg −1 . Numbers are means with minimum and maximum values in brackets. * significant at p ≤ 0.05. All others are not significant. Cluster 1 = response to all the three NPK amendments, Cluster 2 = response to one of three NPK amendments and Cluster 3 = poor response to all the three NPK amendments.
Soil Characteristics Corresponding to Maize Response Clusters
Relationship between Significant Soil Parameters and Influential Ear Leaf Nutrients for Maize Response Clusters
The relationship between soil available P and ear leaf nutrients that influenced site allocation to clusters, 2 and 3 is shown in Table 7 . The larger soil available P for sites in Cluster 2, the larger the P, K and S contents in maize ear leaves. However, soil available P did not have a significant (p ≤ 0.05) effect on both Mg and Cu ear leaf content in this same cluster. For the poorly responsive, Cluster 3, large soil available P significantly (p ≤ 0.05) enhanced uptake of N, Ca and Cu. Similar effect of soil available P to Mg ear leaf content for sites in Cluster 2 is also observed for sites in Cluster 3. Although not significant, soil available P for Cluster 3 had a negative effect on S and B ear leaf content. Numbers are correlation coefficients, * significant at p ≤ 0.05, ** significant at p ≤ 0.01, *** significant at p ≤ 0.001. All others are not significant. Cluster 2 = response to one of three NPK amendments and Cluster 3 = poor response to all the three NPK amendments.
Economic Benefit from NPK Amendments for Maize Grain Production
In general, initial investments for the three NPK amendments; NPK2, NPK3 and NPK4 are costly compared to the standard N, P and K fertilizer, NPK1 (Table 3) . However, the net profit of using those amendments after grain sales is worth the investment. On average, investing a kilogram of the NPK1 at $1.6 (Table 3) during planting results in 50% net profit. The largest net profit of 160% is obtained after investing $2.1 (Table 3) for a kilogram of NPK3. A similar net profit at 130% is obtained after investing $2.5 and $2.0 for NPK2 and NPK4 (Table 3) , respectively. Figure 5 illustrates profitability of using NPK amendments for maize production in poorly responsive soils of western Kenya. The mean values of VCR partition different levels of profitability.
Returns on investment directly relate to the agronomic response clusters. This notwithstanding, it is the soil available P which ultimately determines the extent of the profitability. The first split with mean VCR value of 2.2 shows that use of amendments (NPK2, NPK3, and NPK4) is profitable compared to the standard N, P and K fertilizer, NPK1, irrespective of the response clusters. The mean VCR value of 2.4 obtained after using those amendments is 20% above the acceptable profitability threshold value of 2. In contrast, the profitability of using the standard N, P and K fertilizer for maize production is on average 25% less than the acceptable threshold. On average, lowest benefits of using the standard N, P and K fertilizer, NPK1 (VCR = 1.3) are observed in 13 of the total sites. Such sites had more than 5.04 mg P kg −1 of soil. Nevertheless, five of the total sites with less than 5.04 mg P kg −1 soil attained the profitability threshold, VCR value of 2.0 after application of the standard N, P and K fertilizer.
The average VCR value of 0.4 for all amendments is 80% below the acceptable threshold value of 2 for sites belonging to the poorly responsive, Cluster 3 irrespective of the amount of available P in the soil. Farmers with sites belonging to both clusters 1 and 2 satisfactorily benefit from using NPK amendments. However, on average, sites in Cluster 1 result in 25% larger VCR values above the 2.4 obtained in Cluster 2 when soils have more than 4.72 mg P kg −1 . Use of NPK amendments, for both Clusters 1 and 2, is 15% more beneficial in sites where soils had less than 4.72 mg P kg −1 . The mean VCR value of 3.3 indicates the largest economic benefits of using the NPK amendments. Sites with the lowest available P in the soil (2.93 mg P kg −1 ) are observed with such economic benefits. 
Discussion
Effect of Fertilizer Treatments on Maize Yield
The overall maize yield increase after additions of selected secondary macro-and micronutrients (SMNs) above the standard N, P and K fertilizer confirms that the closure of maize yield gaps in poorly responsive soils requires more than the 3 primary nutrients [19] . On average, the smallest yield increase above the control was obtained after using the standard N, P and K fertilizer compared with using the NPK amendments for both regions. In Bungoma-Southwest, the largest yield increase of 2.3 t ha −1 was obtained after using NPK3. This implies that, beyond the supply of N, P and K, sites in that region require both Ca, Zn and Cu at optimal rates. It is observed that sites in Bungoma-Southwest had strongly acidic soils (mean pH = 5.2) compared to those in Busia-North (mean pH = 5.5) ( Table 2 ) using the criterion documented by Kanyanjua, et al. [41] . Neutralization of acidity by CO 3 2− , OH − , and HCO 3 − derived from limestone in Mavuno fertilizer (NPK3) may have resulted in more nutrient availability for maize crop uptake in such soils [42, 43] . For sites in Busia-North, application of FYM with N and P inorganic supplements performs better than the other amendments. This is an indication that, combining N, P, K and Ca with small rates of Zn and Cu is adequate to restore the productivity of poorly responsive soils in that region. Nearly of all sites in Busia-North had more than 75% sand and, therefore, the NPK2 deems important for nutrient and water retention. The conspicuous seasonal effect on yield also confirms weather pattern as a major constraint to maize production beyond nutrient deficiencies for the rain-fed agriculture [44] . In general, during the short rains, maize yields reduced by 28% below the 3.6 t ha −1 obtained during the long rains. Although a comparison between the yields at region level showed no significant differences, yields obtained during the second cropping seasons differed. Sites from Bungoma-Southwest produced larger yields after addressing the SMN deficiencies compared to Busia-North. It was observed that Bungoma-Southwest received a substantial amount of rainfall during the SR (cumulative rainfall of 482 mm between September and November) compared to the average of precipitation recorded over several years ( Figure 2 ). The rainfall increase was largest in the month of November which coincides with grain filling [45] and consequently may have contributed to the yield difference between the sites
Maize Agronomic Response Clusters
Beyond the yield averages, the clusters reveal diverse maize response patterns across the study sites. Sites in Cluster 1 showed a response to all three NPK amendments. Soils from sites belonging to this cluster were not only deficient in primary nutrients, P (<10 mg kg −1 ) and N (<0.2%) ( Table 6 ) but also in SMNs (Ca, Zn and Cu) and hence the response to all NPK amendments. Therefore, these results indicate the need of supplying together all nutrients that limit maize production in poorly responsive soils. In agreement with earlier reports [23, 24, 46] , on the contribution of SMNs in closing the yield gaps in SSA, it is also obvious in these soils. In addition, supplying small amounts of micronutrients, like Zn and Cu through FYM may be adequate for maize production in soils such as those found in this cluster. Negligible differences in yield improvement were observed from the application of FYM compared to the relatively high micronutrient rates supplied through the inorganic amendments. Soils for this cluster mainly comprised of Luvisols, Lixisols, Cambisols and Planosols. Those soils are commonly known for their relatively large base saturation and hence, can hold a larger amount of nutrients [28] . Alongside the supply of nutrients, FYM may have further increased the nutrient storage capacity of these soils considering their average low organic carbon content and a large sand content of 71% [40, 47] . A similar observation by Zingore, et al. [48] also highlights the need of FYM for restoring productivity in nutrient depleted sandy soils.
Sites in Cluster 2 showed a selective response to the NPK3 amendment. Sites in this cluster also had low P (6.9 mg P kg −1 ) -while slightly higher-compared to those in Cluster 1 (6.5 mg P kg −1 ). Soil N was also low in sites belonging to Cluster 2 (Table 6 ). Although the restricted response to NPK3 indicates a larger demand of micronutrients compared to sites belonging to other clusters, it also demonstrates the need of Ca application in such soils. In addition, the small S, Mg and Cu contents measured in maize ear leaves from sites in this cluster may account for the relatively low yield improvement (Table 5) . With reference to the S sufficiency ranges between 0.16-0.2% given by Reuters and Robinson [49] , S was clearly deficient for optimal maize production in sites belonging to this cluster. With reference to Table 5 , N and S play a significant role in allocating sites in this cluster, Cluster 2. The content of N requires being reduced while S requires being increased for those sites to move to Cluster 1. This implies an imbalance between N and S. According to FAO [50] , and in line with first principles, some nutrient deficiencies may be aggravated by application of another. Other studies in SSA also indicate that soils become deficient in nutrients like S once the macronutrient status has been optimized [51] . The severity of S deficiency is usually aggregated by high rates of N application ( [52] ), probably as those applied in our study.
In recent past, crop deficiencies of S have been reported in cropping systems that have reduced anthropogenic S input and failure to replenishment S through fertilizer input to compensate exportation [53] . In line with this, continuous application of Sulphur-free fertilizers may also induce S deficiency [54] such as the case in this study. All the nutrient sources were S-free except for the negligible content contained in FYM (NPK2) and Mavuno fertilizer, used in the NPK3 treatment [55] . The consequence of S-deficient conditions is an inefficient utilization of N, P and K fertilizers and the resulting poor profitability [56] .
Similar to S, Mg was not addressed in this study since it had not been diagnosed as a major problem limiting maize production in poorly responsive soils [27] . However, based on the sufficiency ranges between 0.21 and 0.5% given by Reuters and Robinson [49] , the measured average content of 0.11% for sites in Cluster 2, indicates deficiency. According to Gransee and Führs [57] , Mg deficiency principally occurs due to an absolute small content in the soil or due to cation competition. Using the criterion given by Okalebo, Gathua and Woomer [30] , soils in this cluster had moderate exchangeable Mg content on average of 0.74 cmol c kg −1 and hence not limiting. Application of K may have therefore accentuated Mg deficiency through cation competition [58, 59] . In addition, low Mg content in ear leaves from sites in Cluster 2 confirms such possibility.
Likewise, while we did address Cu deficiencies in this study, ear leaf contents of this nutrient were still relatively small in samples from sites belonging to Cluster 2. On average, the Cu content for the latter was 1 mg kg −1 below the 9.19 mg kg −1 obtained from sites in Cluster 1 (Table 5) . However, those Cu contents for Cluster 2 may not be regarded as deficient as such since their values are still within the sufficiency ranges between 6 and 20 mg kg −1 specified by Reuters and Robinson [49] . Nevertheless, ion competition may still explain a scenario of deficiency. Both Cu and Zn are bivalent cations known to compete for adsorption, i.e., Zn may have inhibited Cu adsorption at the root surface [60] . This can be derived from the slightly larger Zn contents for sites in Cluster 2 (16.22 mg kg −1 ) compared to 15.9 mg kg −1 measured for those in Cluster 1 (Table 5) .
Poor responses to SMNs interventions was observed for sites in Cluster 3. This implies that application of NPK amendments had an insignificant effect on yield increase above control for Cluster 3. The average maize yield of 3 t ha −1 obtained from control plots is indicative of relatively fertile sites in this cluster and hence may be considered as 'fertile poor responsive cluster'. The soils in this cluster comprised Eutric Cambisols and Gleyic Arenosols with adequate levels of available P at an average of 17 mg.kg −1 [30, 61] . Nevertheless, ear leaf content of several micronutrients (S, Mg, B and Cu) for this cluster were small compared to those measured in Cluster 1. Out of the four micronutrients, only Cu was added in the NPK amendments. Although the correlation between soil available P and ear leaf Cu content indicate a synergistic relationship (Table 7) , Cu content still seems inadequate to result in a significant maize yield increase. In addition, the emerging S and Mg deficiencies for the same cluster may have also occurred due to similar conditions as those explained for Cluster 2. Furthermore, the marginal B deficiency at 4.5 mg kg −1 in maize ear leaves [62] for Cluster 3 significantly relates to the negligible yield increase above the control. As shown from multinomial logit analysis, N and Ca ear leaf content has an antagonistic effect on B content for the same cluster. Application of N may, therefore, have offset the N: B ratio in soil resulting in low B uptake [63] . Boron is also known to have a close relationship with Ca. Application of Ca to sites belonging to Cluster 3 may have reduced the availability of B resulting in its low uptake [64, 65] . A dilution effect is also another possibility of the observed small B ear leaf concentration for Cluster 3. This mostly occurs when large Ca concentration in plant tissue increases B demand due to close similarity in function [66] . In addition, Ca may also influence uptake of B indirectly. Application of Ca in soils for sites belonging the poor responsive Cluster 3 may have increased the uptake of P as observed in Table 5 . Both B and Pare anions that have an antagonistic effect. Increase in P uptake reduces B uptake [67] and hence the small content measured.
Economic Benefit from NPK Amendments for Maize Grain Production
The Economic benefit of fertilizer use is affected by fertilizer cost, grain prices and ultimately how maize responds to fertilizer application [22] . Investing on any of the NPK amendments at an average $0.5 extra above the $1.6 (Table 3 ) already used to purchase the standard N. P and K fertilizer results in 3 times net profits. Such profits would be satisfactory incentives for investing in fertilizer use in SSA [68, 69] . Moreover, it is important to identify the most profitable and suitable fertilizer intervention that fits a local context. In this case, results indicate that NPK3 (Mavuno based amendment) was more profitable in Bungoma-Southwest compared to the other amendments while the FYM based amendment was the most profitable in Busia-North. Further, delineating the type of maize responses clearly separates sites where NPK amendments can be recommended from those that still require further attention. In agreement with Kihara, et al. [70] substantiating the highly variable profitability of fertilizer use helps farmers to make well-informed decisions on fertilizer use.
Application of the CART tool reveals the underlying soil characteristics that would predict the profitability of fertilizer use. The tool, therefore, provides a simple method of determining which would the most profitable fertilizer interventions under specific soil conditions. Use of the standard N, P and K fertilizer can be profitable only to farmers whose sites have less than 5.04 mg P kg −1 irrespective of the response clusters. Only 28% of the total sites are in this category; confirming the diagnosis of poorly responsive soils in an earlier study [27] . Obviously, the use of NPK amendments remains a risky intervention for farmers with sites that belong to the poorly responsive, Cluster 3. Therefore, recommending the NPK amendments would also not be appropriate to farmers whose sites belong that cluster. However, determination of judicious and balanced nutrient combinations for maintaining soil productivity in such sites is indispensable [71, 72] . For example, applying lower N and Ca rates may not only reduce the fertilizer cost but would maintain the desired nutrient balance ratio in maize ear leaf tissue. Application of NPK amendments can be beneficial to farmers whose sites belong to clusters 1 and 2, respectively. Furthermore, the smaller the available P (< 4.72 mg kg −1 ) in such soils, the more financial benefits may be realized. However, if the soils have more than 4.72 mg P kg −1 of soil, supplying of both macro and micronutrients at optimum levels is critical for sites in Cluster 2. For maximum benefit of the NPK amendments, sites should have less than 2.93 mg P kg −1 of soil. In such case, not only P would be limiting maize production but also the secondary and micronutrients.
Conclusions
This study has demonstrated the need for going beyond the application of the standard N, P and K fertilizers in rehabilitating the poorly responsive soils. Specifically, we demonstrated that (i) maize grain yields increased following inclusion of SMNs in specific cases; (ii) maize response patterns to the interventions relate to specific leaf nutrient content and soil properties and (iii) the addition of the selected nutrients to the standard N, P and K fertilizer renders the interventions profitable in some cases. In general, the results indicate that application of Ca is important for all the poor responsive soils irrespective of the source and region. In addition, the optimal rates of Zn and Cu at 3 kg ha −1 are necessary for sites in Bungoma-Southwest compared to those in Busia-North. For the latter region, amendment of those nutrients through FYM is adequate. Further, varied crop responses to the NPK amendments irrespective of the regions were observed: (i) response to all three NPK amendments, Cluster 1 (ii) response to only one amendment, Cluster 2 and (iii) poor response to all the three NPK amendments, Cluster 3. Emerging deficiencies of both S, Mg and B were observed while Cu amendment was not still sufficient for optimal maize production in some of the sites. This study was also able to delineate those sites in which the NPK amendments may be profitable from those that require further attention. Beyond the maize response clusters, available P in soil determines the profitability of NPK amendments. This is an indication that farmers may have fertilizer options that guide them in decision making for management of poorly responsive soils. The persistent poor responses call for further research to understand the underlying factors such as soil mineralogy and after modifying the NPK amendments for improved crop productivity with a balanced nutrition.
